The organization of DNA into chromatin is important in the regulation of transcription, by influencing the access of transcription factors to their DNA binding sites. Nuclear factor 1 (NF-1) is a transcription factor which binds to DNA constitutively and which interacts with its cognate DNA site with high affinity. However, this affinity is drastically reduced, ∼100-to 300-fold, when the binding site is organized into a nucleosome. Here we demonstrate that the introduction of stretches of adenines of length 5 nt (A-tracts) on both sides of the NF-1 binding site has a distinct effect on NF-1 binding to a nucleosomal, but not to a free, NF-1 binding site. The position of the A-tracts, relative to the rotational phase of a synthetic DNA bending sequence, the TG-motif, decides whether the NF-1 affinity increases or decreases. The NF-1 binding affinity is seven times stronger when the flanking A-tracts are positioned out-of-phase with the TG-motif than it is when the A-tracts are positioned in-phase with the TG-motif. We demonstrate that this effect correlates with differences in DNA curvature and apparent histone octamer affinity. We conclude that DNA curvature influences the local histone-DNA contacts and hence the accessibility of the NF-1 site in a nucleosome context.
INTRODUCTION
Recognition of specific binding sites in DNA by transcription factors is the initial step in the induction of gene expression. In the living cell, the DNA is organized as chromatin whose basic structural unit is the nucleosome (1) . Current belief is that the packaging of DNA into chromatin represses gene expression by limiting the access of transcription factors to their specific DNA sites (2) . In vitro studies have examined how the organization of DNA within a nucleosome affects the access of transcription factors. Some factors interact with nucleosomal DNA with affinities that are only slightly lower than their affinities for free DNA. Examples of this are the glucocorticoid receptor (GR) (3) (4) (5) , the progesterone receptor (6) , the thyroid hormone receptor (7) and Fos/Jun (8) . Other factors such as Gal4, c-Myc, heat shock factor, SP1 and TFIIIA bind nucleosomal DNA with an affinity at least one order of magnitude lower than their affinity for free DNA (9) (10) (11) . Another class of factors has an even lower affinity for nucleosomal DNA, by at least two orders of magnitude. Nuclear factor 1 (NF-1) (4, (12) (13) (14) and TBP (15, 16) belong to this category.
The NF-1 family of transcription factors participates in transcriptional regulation of a great number of genes in many different cell types (17) . The family is encoded by four different genes (18) and further diversity is created by differential splicing (18, 19) . All NF-1 proteins bind as homodimers to DNA in the major groove and recognize a partially palindromic consensus DNA sequence TGGA/C(N) 5 GCCAA (20) . The N-terminal domain of NF-1 is the domain which binds to DNA. It is highly conserved and shows no homology to any of the other known classes of DNA binding motifs (21, 22) .
In several promoters, the NF-1 binding site is close to the binding site(s) of other transcription factors (17, 23, 24) . One example of this is the mouse mammary tumor virus (MMTV) promoter, where the NF-1 binding site is next to several binding sites for the GR (17) . In the living cell this NF-1 site is only occupied after glucocorticoid hormone stimulation (25, 26) . It has been suggested that the chromatin organization of the DNA prevents NF-1 from binding to the uninduced MMTV promoter, i.e. in the absence of bound GR (25) . This hypothesis is supported by in vitro studies demonstrating that the affinity of NF-1 for the MMTV promoter is drastically decreased when the DNA segment which contains the NF-1 binding site is reconstituted into nucleosomes (4, 12, 14, 27) . The NF-1 binding site in the MMTV promoter is rotationally positioned so that its major grooves face the histone octamer. This has been shown both in vitro (4) and in vivo (26) . However, in vitro studies have demonstrated that the low affinity of NF-1 for its nucleosomal binding site does not depend on the translational or rotational positioning of the NF-1 site, but is an inherent property of the NF-1 protein (13, 14, 27) . In the former study we vaired the rotational positioning of the nucleosomal NF-1 site by placing it into two different rotational frames relative to a synthetic DNA bending sequence, the TG-motif (28) . The TG-motif was used to direct the rotational setting of the nucleosomal DNA.
The nucleotide sequence affects nucleosome stability through its effect on the curvature and bendability of DNA (29) . We wondered to what extent the flanking DNA sequence context of an NF-1 binding site influences its affinity for NF-1. A-tracts are straight and rigid and thus they affect DNA curvature and influence histone-DNA contacts in nucleosomes (30 decided to try to destabilize histone-DNA contacts around the nucleosomal NF-1 site by positioning of A-tracts next to the NF-1 binding site and to evaluate the effect on NF-1 binding.
Here we show that A-tracts of length 5 bp placed on both sides of an NF-1 binding site may either increase or decrease its affinity for NF-1. The NF-1 binding affinity increased when the A-tracts were positioned out-of-phase relative to the A/T triplets of the surrounding DNA-bending sequence, i.e. the TG-motif. Conversely, NF-1 binding decreased when the A-tracts were positioned in rotational phase with the TG-motif. These effects on NF-1 binding affinity correlated with the effect of DNA sequence on both DNA curvature and histone octamer affinity. We conclude that nucleosomal DNA accessibility can be drastically modulated by flanking DNA sequences. This may have been exploited in the evolution of different promoter strengths, for example, and in this way it may moderate gene expression.
MATERIALS AND METHODS

Plasmid constructions
We have previously described the construction of plasmids which contain a single transcription factor binding site in the synthetic DNA-bending sequence referred to as the TG-motif (5). Plasmids No4 and Ni4 have been described elsewhere (13) . All DNA segments which were used for construction were obtained from synthetic oligonucleotides. ANoA3.5 was constructed by cloning a 40 bp DNA segment containing a TG-motif and an NF-1 binding site flanked by -TTTTT-upstream and -AAAAA-downstream (ANoA, the sequence of the top strand is shown in Fig. 1A ). The NF-1 site was derived from the MMTV promoter (13) . The DNA segments were cloned into the asymmetric AvaI site of plasmid pGemQ2 (5) . The 40 bp of ANoA was followed by three 20 bp DNA segments of the synthetic DNA-bending sequence referred to as the TG-motif (28) (TG) and a 10 bp DNA segment of DNA-bending sequence, half a TG-motif (hTG). Hence a total number of 3.5 TG repeats were inserted after the ANoA segment. ANiA3.5 differed from ANoA3.5 only in that the NF-1 binding sequence with the flanking A-tracts was moved 5 bp upstream relative to the DNA-bending sequence (the sequence of the top strand is shown in Fig. 1A ) which caused rotation by 180_ of the NF-1 site relative to the TG-motif. These DNA constructs were cut out from their parental plasmids as 161 bp long EcoRI-HindIII DNA fragments which were used for nucleosome reconstitution. To be precise, these inserts contained 157 bp of double-stranded DNA and 4 nt of 5′-protruding DNA at each end. The first nucleotide in the top strand, the EcoRI site, was given number 1.
Nucleosome reconstitution
DNA end-labeling with [γ-32 P]ATP and fragment isolation have been described previously (3, 5) . Nucleosome reconstitution and purification of in vitro reconstituted mononucleosomes by glycerol gradient centrifugation were performed as described previously (3) but with two modifications, a 7-30% glycerol gradient was used instead of a 5-30% gradient and the glycerol gradients contained 10 µg/ml purified bovine serum albumin instead of insulin.
NF-1 binding and mapping of nucleosomal positioning
Exonuclease III digestion, DNase I footprinting and DMS methylation protection were performed as previously described (13) . Quantification of NF-1 binding was done with a PhosphorImager™ and ImageQuant™ software (Molecular Dynamics). Reference bands were used to compensate for variations in sample loading and DNase I digestion or DMS methylation.
Preparation of NF-1
Recombinant NF-1 was prepared from HeLa cells infected with vaccinia virus that contained a full-length clone for NF-1 with six histidine residues fused to the N-terminus (31) . The NF-1 was purified using Ni 2+ -NTA-agarose, as described previously (13) .
Analysis of nucleosomes by electrophoretic mobility shift assay
The amount of free DNA in the nucleosomes was analyzed by electrophoretic mobility shift assay. 5000 c.p.m. of probe, either free or nucleosomal, was diluted to 20 µl with GR binding buffer (20 mM Tris-HCl, pH 7.6, 1 mM Na 2 EDTA, 10% v/v glycerol, 50 mM NaCl, 5 mM DTT, 0.1 mg/ml bovine serum albumin) containing bromophenol blue to a final concentration of 0.0125% and analyzed on 4% non-denaturing acrylamide gels (5) . The amount of free DNA was quantified by the use of a PhosphorImager™ and ImageQuant™ software (Molecular Dynamics).
DNA curvature
The program BEND was used to calculate sequence-dependent curvature (32) . In this program, the specific curvature at base pair N is defined as the angle between normal vectors at base pairs N-15 and N+15.
Relative histone octamer affinity assay
Aliquots of 0.5 pmol of each of the 161 bp EcoRI-HindIII fragments from No4, ANoA3.5 and ANiA3.5, each one 5′-endlabeled with T4 polynucleotide kinase at the HindIII site, were mixed. These were used in each of three parallel in vitro nucleosome reconstitutions (above) but with the indicated amounts of long chromatin in the reconstitution mix. Chromatin was quantified at 260 nm where 1 OD unit equals 50 µg of chromatin. We used less long chromatin than is normally used for in vitro nucleosome reconstitution; 0.5, 0.17 and 0.06 times. The mononucleosomal DNA was recovered by extraction with phenol/chloroform (2:1) and precipitation by ethanol in the presence of 5 µg Escherichia coli tRNA as carrier. The recovered DNA was cleaved with HinfI and then re-extracted with phenol/chloroform 2:1 and ethanol precipitated. Pellets were dried and dissolved in loading buffer, separated on a denaturing polyacrylamide gel and the relative amount of each DNA fragment in the mononucleosomal fraction was quantified by PhosphorImager analysis. This was then compared with the relative amounts in the original DNA mix which had been used for nucleosome reconstitution.
RESULTS
Effects of A-tracts on nucleosomal position
We have shown previously that the transcription factor NF-1 binds to a nucleosomal DNA binding site with 100-300 times lower affinity than it binds to free DNA. This strong decrease in NF-1 affinity does not depend on the translational or the rotational position of the NF-1 binding site relative to the histone octamer surface (13) . In these experiments we used fragments of DNA which were 161 bp long and which harbored a 95 bp DNA segment based on the 20 bp repetitive synthetic DNA-bending sequence, the TG-motif. This arrangement directed the positioning of the NF-1 binding site in the nucleosome (28) . The TG-motif consists of triplets of G/C and A/T which are placed 5 bp apart with a 10 bp periodicity (Fig. 1A) . When the TG-motif is reconstituted into a nucleosome in vitro, it will preferentially bend in one direction such that the G/C triplets are located where minor grooves face the periphery and the A/T triplets face the histone octamer (28) .
We wondered to what extent the nucleosomal inhibition of NF-1 binding could be counteracted by a change of the local sequence context around the NF-1 site. Our first attempt to address this was to replace an AGCCT segment with a TAAAA segment immediately downstream of the NF-1 binding site in the construct No4 (No4 is shown in Fig. 1B ). This resulted in deletion of one GCC triplet in the TG-motif of No4 and the introduction of an A/T-rich segment which interrupted the periodicity of the TG-motif. The same approach has been shown previously to disturb histone-DNA contacts and to improve the accessibility of a nucleosomal glucocorticoid receptor binding site (5) . However, the constructs we obtained in this way did not have any detectable effect on NF-1 binding as monitored by DNase I footprinting and by DMS methylation protection analysis (data not shown).
This prompted us to introduce 5 bp of homopolymeric A-tracts both upstream and downstream of the NF-1 binding site to produce an NF-1 binding segment that we called ANoA or ANiA (Fig. 1A) . The NF-1 binding site was positioned in two opposite rotational frames with respect to the preferred rotational positioning of the TG-motif (Fig. 1A) , 'No' for facing out and 'Ni' for facing in. The two constructs ANoA3.5 and ANiA3.5 ( Fig. 1B) should therefore have the two consecutive major grooves of the NF-1 binding site facing outwards or inwards, respectively, relative to the histone octamer surface. This would only be true if the rotational position of the nucleosome was dictated by the TG-motif. The design of the constructs resulted in two 7 bp A-tracts in ANoA3.5 and two 8 bp A-tracts in ANiA3.5 (Fig. 1A ). Nucleosomes were reconstituted in vitro by salt dilution (3) and the mononucleosomes were purified by glycerol gradient centrifugation. This routinely gave nucleosome preparations in which >95% of the DNA was organized in nucleosomes according to analysis by electrophoretic mobility shift assay (Fig. 1C) . In these analyses we noted that the relative amount of free DNA was lower in the ANiA3.5 mononucleosome preparations than in the other two nucleosomal constructs (Fig. 1C) .
The rotational position of the DNA in the different nucleosomes was evaluated by comparing the DNase I footprinting patterns (Fig. 2) . Both nucleosomal No4 and ANiA3.5 showed a characteristic 10 bp repeated DNase I pattern ( Fig. 2A and B shows top strand and bottom strand, respectively) which is typical of DNA rotationally positioned on a histone octamer surface (33) . The DNase I pattern of nucleosomal ANoA3.5, however, was more complex. It showed several nucleosome-dependent alterations in the DNase I cutting pattern, including cut sites which were more frequent than the 10 bp ladder seen in the other two constructs. We interpret the ANoA3.5 pattern as arising from several superimposed nucleosome patterns caused by several different rotational positions of ANoA3.5. This interpretation was confirmed by aligning the results of the DNase I footprinting in a sequence diagram (Fig. 2C ). No4 and ANiA3.5 clearly had the expected rotational positioning with the G/C triplets of the TG-motif positioned where the minor grooves are facing outwards (gray areas in Fig. 2C are flanked by DNase I cuts). This was also true for one population of DNase I cut sites in ANoA3. 5 and, in addition, there were other nucleosomally induced cut sites in this construct that showed a different distribution (open arrowheads in Fig. 2C) .
The translational position of DNA in the different nucleosomes was evaluated by exonuclease III protection analysis (5) . In a uniquely positioned nucleosome the location of the first histoneinduced exonuclease III stop on either DNA strand defines the nucleosomal borders; a nucleosome is known to cover 144-146 bp. Exonuclease III digestion also gives rise to internal nucleosomedependent stops spaced by 10 bp due to the histone-DNA contacts formed once per helical turn of DNA (34) . Each strand of No4 and ANiA3.5 gave rise to several nucleosomally induced exonuclease III stops spaced by 10 bp (Fig. 3A and B) . As we had earlier found (13), No4 adopted one translational position, with the dyad of the NF-1 binding site positioned 50 bp from the nucleosome pseudo-dyad (Fig. 3C ). ANiA3.5 adopted two different translational positions, but with the same rotational position and with a distance of 45 or 35 bp between the dyad of the NF-1 binding site and the nucleosomal pseudo-dyad. ANoA3.5, on the other hand, again showed a more complex pattern of nucleosomally induced exonuclease III cut sites, which suggests the existence of several different rotational and translational positions (Fig. 3C summarizes our interpretation of the exonuclease III analysis).
From the exonuclease III protection and DNase I footprinting analyses we conclude that ANoA3.5 adopts several translational and rotational positions, while No4 and ANiA3.5 have unique rotational positions, although the latter adopts two translational positions separated by 10 bp. A probable reason for the occurrence of several rotational positions of the ANoA3.5 nucleosome is that the two A-tracts in ANoA3.5 oppose and to some extent override the capacity of the TG-motif to determine the rotational position of the nucleosomal DNA.
A-tracts modulate the binding affinity of NF-1 to nucleosomal DNA
NF-1 binding to the different DNA constructs, both free and nucleosomal, was analyzed by DMS methylation protection (Fig. 4) and by DNase I footprinting (Fig. 5) . We have shown previously that nucleosomal NF-1 binding can be monitored by DMS methylation protection with high specificity (13) . No DMS methylation protection which depended on NF-1 was seen outside the NF-1 binding site, even with a large excess of NF-1 (Fig. 4 and  data not shown) . This is in contrast to DNase I footprinting where non-specific interaction outside the NF-1 binding site often influences the footprinting pattern. However, one advantage with DNase I footprinting is that it allows concomitant monitoring of the histone-DNA interactions in the nucleosome during the binding reaction (Fig. 5) . Histone-DNA contacts do not show any protection from DMS methylation (13, 35) . Experiments in which increasing amounts of NF-1 protein were incubated with a constant amount of free or nucleosomal DNA showed that all DNA constructs when present in free DNA bound NF-1 with similar affinities (Fig. 6, filled symbols) . The small differences in NF-1 binding affinity seen for the free DNA are not significant, as indicated by the overlapping error bars representing the standard deviations of the analysis. When the three DNA constructs were organized into nucleosomes, their binding affinities for NF-1 were different (Fig. 6, empty symbols) . In this case NF-1 bound to nucleosomal ANoA3.5 with significantly higher affinity than to nucleosomal No4. This was clearly seen by DMS methylation protection (Fig. 6 ). There was a tendency for the same difference in affinity also when analyzed by DNase I footprinting (data not shown), but the difference was not statistically significant. Nucleosomal ANiA3.5 showed a significantly lower affinity for NF-1 than nucleosomal No4 (indicated by stars in Fig. 6 ) and ANoA3.5. This difference was again only detectable by DMS methylation protection and was not seen with DNase I footprinting (data not shown). We estimated the relative affinity of NF-1 for the different nucleosomal DNA constructs from Figure 6 . The amount of NF-1 protein needed to saturate the different nucleosomal constructs to 50% was calculated, relative to the amount needed to give 50% protection in free DNA. The results are presented in Table 1 and show that ANoA3.5 has a 7-fold higher affinity for NF-1 than ANiA3.5. We conclude that different nucleosomal sequence contexts have significant effects on NF-1 binding affinity. The reason for this is discussed below. The difference in NF-1 affinity when comparing free and nucleosomal No4 agrees well with our previous results for this construct (13) . A-tracts positioned out-of-phase in a DNA-bending sequence interrupt DNA curvature and reduce histone octamer affinity
To evaluate the sequence-dependent curvature of the three NF-1 constructs we used a program BEND that calculates macroscopic curvature along a DNA sequence (32) using a bending model based on nucleosome positioning data (36) . The program predicts significant curvature for No4 and ANiA3.5 constructs along the DNA fragment (Fig. 7) . For ANoA3.5, it predicts a similar high level of DNA curvature for the 3′-part of the construct but a drastically reduced curvature is predicted for the 5′-region. Note that the curvature is reduced in two segments corresponding to the two flanking A-tracts of ANoA3.5 (the positions of the A-tracts are indicated by thick lines above the diagram in Fig. 7) . In contrast, the curvatures of the A-tracts are higher in ANiA3.5 than the corresponding DNA segment in No4. In ANiA3.5 the A-tracts are moved 5 bp relative to the TG-motif and are thus in-phase with the A/T triplets of the TG-motif (Fig. 7) .
We wondered whether the difference in DNA curvature has any effect on histone octamer-DNA affinity. This was addressed by comparing the relative efficiencies of the constructs in binding to a histone octamer in a nucleosome reconstitution assay. In this assay equal amounts of the 161 bp EcoRI-HindIII fragments of the three DNA constructs were mixed and allowed to compete during in vitro nucleosome reconstitution. The amount of long chromatin, which we used as donor of histone octamers in the nucleosome reconstitution reaction, was titrated until it became limiting. Using this strategy the different amounts of each DNA fragment in the purified mononucleosome fraction would reflect their apparent relative affinity for histone octamer. The reconstituted mononucleosome fraction was recovered by glycerol gradient centrifugation (Fig. 8A) . The DNA was extracted from the pooled mononucleosome fractions and cleaved with HinfI (which cuts within the NF-1 binding site and generates a different fragment length for each construct; Fig. 1B) . The DNA was then separated on a denaturing polyacrylamide gel and quantified by PhosphorImager analysis. As shown in Figure 8B , there was a reduction in the relative amount of the ANoA3.5 fragment as the histone octamer concentration was reduced in the nucleosome reconstitution mixture and a corresponding increase in the No4 DNA fragment. This shows that the apparent histone octamer-DNA affinity is reduced for the ANoA3.5 construct. This agrees with the DNA curvature analysis which showed that ANoA3.5 had a lower DNA curvature than the other constructs.
DISCUSSION
We have shown that A-tracts of 5 bp length flanking the NF-1 binding site can influence the binding of NF-1 to nucleosomal DNA. This effect was only seen in DNA organized into nucleosomes and depended strongly on the position of the A-tracts relative to the rotational phase of the surrounding DNA-bending sequence, the TG-motif. A-tracts are straight and rigid (32) and cause bending in the junctions between the A-tract and adjacent DNA (37) and hence here reported results are most likely caused by effects on histone-DNA interactions dictated by DNA structure.
Why does ANoA3.5 take up several rotational positionings? We favor the following explanation. The A-tracts in ANoA3.5 are out-of-phase with the A/T triplets of the TG-motif (Fig. 1A) . Hence the two A-tracts in ANoA3.5 replace two triplets which in ANiA3.5 are a G/C triplet of the TG-motif and a TGG triplet in the NF-1 site (Fig. 1A , shadowed areas mark peripherally oriented minor grooves when directed by the TG-motif). In ANiA3.5, the two A-tracts are placed in the minor grooves which are oriented towards the octamer in the rotational position which is directed by the TG-motif. They are thus in perfect phase with the A/T triplets of the TG-motif (Fig. 1A ). Shrader and Crothers have shown that replacing the G/C triplet of the TG-motif with a 5 bp A-tract results in strong reduction of nucleosome stability, while replacing the A/T triplet with a 5 bp A-tract, which then lies between the G/C triplets as in our construct ANiA3.5, has a less detrimental effect on nucleosome formation (38) . Short A/T segments within nucleosomes are preferentially positioned in the minor grooves which face the histone octamer both in vitro (28) and in vivo (36) . Our finding that ANoA3.5 is less stably organized in a nucleosome than ANiA3.5 agrees with previous results on the preferential rotational positioning of A/T segments in nucleosomes. Or, to rephrase it, the A-tracts which flank the NF-1 site in ANiA3.5 act in harmony with the direction of bending of the TG-motif, while the A-tracts of ANoA3.5 bend the DNA in the opposite direction to the TG-motif.
The higher affinity of NF-1 for its cognate binding site on the ANoA3.5 nucleosome cannot be explained solely by an opposite rotational DNA positioning of the NF-1 site relative to the ANiA3.5. We can make this conclusion since the control nucleosome No4 has a single rotational positioning with the major grooves of the NF-1 recognition sequence facing out, but still has a significantly lower NF-1 binding affinity than ANoA3.5. Our results suggest that the improved affinity of ANoA3.5 for NF-1 is caused by local destabilization of histone-DNA contacts around the NF-1 site. This destabilization is due to the out-of-phase position of the A-tracts relative to the TG-motif. This means that DNA cannot wrap so smoothly around the histone octamer (32) . Furthermore, since bending occurs at the junction of an A-tract and adjacent B-DNA (37), we propose that the lower DNA curvature in ANoA3.5 compared with ANiA3.5 is due to an antagonistic DNA bending direction in the former construct. Further evidence that histone-DNA contacts are locally destabilized in ANoA3.5 comes from a comparison of the DNase I cutting patterns of the free and nucleosomal DNA segments within the NF-1 binding site of the different constructs (palindromic arrows in Figs 2A and B and 5 ). This reveals only subtle nucleosome-induced changes in the DNase I cutting pattern of the ANoA3.5 construct when compared with the two other constructs.
We found that NF-1 bound less strongly to ANiA3.5 than it bound to No4 (Fig. 6 ) and that less free DNA dissociated from the ANiA3.5 mononucleosome, as seen in electrophoretic mobility shift assays (Fig. 1C) . The DNA curvature of ANiA3.5 was well maintained when compared with the curvature of No4 (Fig. 7) and the affinity of ANiA3.5 for histone octamer binding during nucleosome reconstitution was higher than it was for the ANoA3.5 construct (Fig. 8B) . These results suggest that the DNA segment of the NF-1 site which is flanked by the two A-tracts bends smoothly around the histone octamer in ANiA3.5 and so facilitates histone-DNA contacts over the NF-1 site, while the opposite situation applies for ANoA3.5. A model illustrating these effects is shown in Figure 9 .
The analysis of DNA curvature (Fig. 7) showed that the DNA of the No4 and ANiA3.5 constructs is curved along its entire length, whereas only the 3′-region of the ANoA3.5 construct is curved. The 5′-region of ANoA3.5 is noticeably uncurved. This argues strongly that DNA structural effects mediate the increased affinity for NF-1 of ANoA3.5. The DNA curvature analysis was performed with the program BEND (32) using an algorithm based on the in vivo nucleosome positioning data of Satchwell et al. (36) . This algorithm was found to be the best in a comparison of several different algorithms for predicting DNA curvature (32) . Furthermore, a strength of the algorithm is that since it is based on the nucleosome positioning data of Satchwell et al. (36) , it should be particularly suitable for predicting the properties of DNA organized into nucleosomes.
DNA sequence is one of several important determinants influencing nucleosome positioning in the cell (39) . There is a preferential distribution of GC-rich trinucleotides in the minor groove which face outwards and a preferential distribution of AT-rich trinucleotides in the minor groove which face towards the histone octamer surface. This, together with the fact that there is a period equal to the DNA helical repeat (40) , was interpreted as a sequence pattern determining DNA curvature and thereby contributing to the stability of the nucleosome structure. Our results demonstrate that in a nucleosomal template, where DNA-bending motifs are distributed along the DNA double helix in such a way that they enhance a unidirectional bend around the histone octamer, DNA adopts a single rotational positioning with tight histone-DNA contacts. The opposite is also true: when DNA-bending motifs are not phased uniformly, nucleosomal DNA fails to adopt one single conformation and several rotational positionings are seen. Most importantly, in the latter case the nucleosomal DNA will be more accessible even for a DNA binding protein such as NF-1, which was previously reported to have a very low affinity for its nucleosomal DNA site irrespective of rotational positioning (4, (12) (13) (14) . This suggests that it is not a different rotational positioning, but a local decrease in contacts between histones and DNA, that results in the higher NF-1 binding affinity of ANoA3.5. However, we cannot exclude that NF-1 binding is also increased by certain rotational positions once the histone-DNA contacts have been reduced by the structure of the DNA.
Chromatin represses transcription in vitro (41) and in vivo (42, 43) . At least one of the mechanisms of repression is the restricted access of various transcription factors to their target DNA sites. Our results underscore the potentially wide range of affinities of NF-1 for its cognate binding site in a nucleosome context which may be obtained by differences in the local DNA sequence context. Several regulatory DNA segments harbor positioned nucleosomes (24, 44) . In such enhancers/promoters, a detailed understanding of how different factors cooperate in gene regulation must include the effects of local sequence context and chromatin structure. A clear example of the positive effect of a single A-tract on gene regulation was recently given for the metal-responsive promoter of Candida glabrata. Here a positioned nucleosome was shown to harbor both a 16 bp A-tract and a metal-responsive element to which the metal-inducible transcription factor Amt1 binds in an A-tractdependent fashion (45) . A related study demonstrated that 17-42 bp long A-tracts stimulated transcription and increased DNA accessibility in chromatin in vivo (46) . Our results show that short A-tracts can also have drastic effects on histone-DNA interactions and consequently on DNA accessibility.
